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ABSTRACT

We report optical excitation of the 1°5-2°P tran-
sition in positronium, and a second excitation from n=2
to higher n states. The experiment used light from two
pulsed dyelasers. Changes in the positronium annihila-
tion rate during and after the laser pulse were used to
deduce the excited state populations. We found that we
could saturate the n=2 level and excite a substantial
fraction of n=2 positronium to higher levels. Preliminary
spectroscopic measurements were performed on n=14
and n=15 positronium. '

INTRODUCTION

Although positronium (Ps) has been known for
many years, few experiments have created and main-
tained a population of Ps in other than the ground state.
In previous experiments, a small fraction of Ps has been
formed in the n=2 state by bombarding metallic targets
with a low energy positron beam [1], or by exciting Ps
from the ground to the n=2 state with an incoherent,
broadband light source [2]. Two photon excitationof the
135-23S transition [3] has also been used, but leads to
prompt photo-ionization. At Livermore, we have cre-
ated significant populations of n=2 Ps through optical
saturation of the 1°6-2°P transition using a frequency-
doubled, pulsed dye laser [4,5]. We have also excited
higher n states with a second dye laser tuned to red
wavelengths [5]. We find that we are able to repeatedly
excite the Ps atoms in our laser beam to the n=2 levels,
and subsequently excite n=2 Ps to higher n states where
it is long-lived. Moreover, we have optically saturated
the n=2 level using a broad bandwidth laser resonant
with a large fraction of the Doppler profile of the Ps.
These conditions are required for the recently suggested
technique of broadband laser cooling [6].
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BACKGROUND

The Ps ground state is split into a singlet state
which undergoes 27 annihilation with a 125 ps lifetime,
and a triplet state which undergoes 3yannihilation with
a 142 ns lifetime (figure 1). The annihilation lifetimes of
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Figure 1. Schematic energy level diagram of Ps showing
transitions between states mixed by magnetic and elec-
tric fields typical of this experiment. The laser band-
widths cover the entire n=2 and high n multiplets.

201



the singlet and triplet 2P levels are > 100 Is, which are
significantly greater than the 3.2 ns radiative lifetime. In
a field free region, singlet-triplet electric-dipole transi-
tions are not permitted. However, in the presence of a
magnetic field, the Zeeman effect mixes singlet and
triplet levels with the same magnetic quantum number
[7,9]. In the ground state, this leads to magnetic quench-
ing [10], i.e., a reduction in the triplet lifetime due to the
small admixture of the singlet state. In first order pertur-
bation theory, mixing of the singlet and triplet levels is
inversely proportional to the energy difference between
the levels. Due to the smaller energy separation for
larger n values, mixing fractions increase with increas-
ing n state. Hence, a 200 G field, which does not signifi-
cantly mix the ground state, induces a several percent
admixture of the amplitudes of the singlet state in the
n=2tripletlevels[11]. Athigh valuesof n(>10), this ficld
will cause the spin states to be completely mixed.

In our experiment, we observe the excitation of Ps
through changes in the annihilation rate. The initial
population of excited state Psis negligible at production,
and the singlet Ps atoms rapidly annihilate, leaving a
population of ground state triplet Ps. Since the annihila-
tion lifetimes of the 2P'and higher states are long com-
pared with their radiative decay lifetimes, essentially all
annihilation occurs in the ground state. When no mag-
nctic field is present, exciting Ps to the n=2 Ievels reduces
the observed annihilation rate during the laser pulse.
However, when a magnetic field is present, an enhance-
ment in the annihilation rate can occur during the laser
pulse since transitions between singlet and triplet levels
are possible between Zeeman-mixed Ievels. Thus, cach

excitation of the Ps to n=2 levels can result in an cn-~

hanced annihilation rate by allowing de-excitation to the
singlet ground state. At high transition rates, i.c. high
laser intensities, a significant fraction of the illuminated
Ps may be made to annihilate in a short time compared
to the triplet ground state lifetime. Moreover, due to the
Amselectionrules for different photon polarizations, the
annihilation rate is also influenced by the laser light
polarization. Thus, for fixed magnetic field and laser
polarization, the number of enhanced annihilations is
directly proportional to the n=2 singlet population.

The loss of Ps from enhanced annihilation during
the laser pulse will lcad to a reduction in the number of
annihilations after the laser pulse. This reduction is due
to the decrease in the triplet ground state Ps population
caused by enhanced annihilation. The Ps ground state
population can also be reduced by excitation to higher n
states. Thus, there are two time intervals that are scpa-
rately identified with annihilation changes proportional
to the singlet n=2 population and changes in the triplet

ground state population. Excitation to higher n states
willaffectboth these populations by reducing the triplet
ground state population and changing the singlet n=2
state population.

The number of excess annihilations of Ps resulting
from excitation to the n=2 level can be calculated usinga
rate equation model for the 15-2P transitions, and using
perturbation theory to calculate the Zeeman mixing [9].
The magnitudes of electric-dipole transitions to states
withAm =0, + 1 depend on both photon polarization and
dircction of photon propagation with respect to the
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lz'lgure 2. Calculated fractional cha'ngé"i'n the number of

annihilations observed in a 40 ns window duetoa 10 ns
FWHM laser pulse (centered in the window) as a func-
tion of energy per laser pulse. -

magnetic field. Mixing into singlet Ps follows the Zee-
man selection rules [7,8], and all 2'P, Ps are assumed to
decay to 1'S; and annihilate. The results of the calcula-
tion are presented as a function of the laser pulse énergy
in figure 2, where we plot the change in annihilations in-
duced in a 40 ns window by a 10 ns FWHM Gaussian
laser pulse. The same detection probability was as-
sumed for both singletand triplet decays. Theresultsare
presented for several values of magnetic field. For low
values of B, where little mixing occurs, the number of
annihilations decreases due to the time spent in the n=2
level. At large values of magnetic field (~ 200 G), the
annihilation rate from mixing into the singlet state be-
comes large causing an enhancement in the annihilation
rate.
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Figure 3. Schematic diagram of the apparatus showing
the annihilation gamma detector (a) and its collimator
(b) in relation to the target (c), grid (d), and laser profiles
(e) (inset drawing). The incoming positron beam is
centered on the dotted line.

EXPERIMENT

A schematicof theexperimental geometry isshown
infigure 3. Positroniumis produced by focusing the Liv-
ermore intense, low energy (1keV), positronbeam[12]in
an ultrahigh vacuum chamber on a clean, heated (1000
K) Cu target. An electrically biased grid, mounted in
front of the target, returns any bare positrons to the
target. The heated sample emits both energetic (kinetic
cnergy ~ 2.6 eV) and thermally desorbed Ps (kinetic
energy ~ 0.1 eV) [13] which then drifts through the grid
into the laser interaction region. Several plastic scintilla-
tor detectors were used to detect annihilation gamma
rays. Uncollimated detectors observe the Psannihilation
throughout the chamber, while collimated detectors are
used to separate Ps by energy through time-of-flight
techniques [14]. The laser interaction region, directly in
front of the Cu target, is viewed by a collimated scintil-
lator paddle with a ficld of view 1.4 cm wide along the
path of the laser beam.

To achieve resonant n= 2 excitation over a signifi-
cant fraction of the Doppler profile of the thermal P’s, we
have frequency-doubled the 485.906 nm output of our
excimer pumped, Lambda Physik F1 2002 dye lascr. The
light is focused in a B-Barium Borate doubling crystal to
obtain 242.953 nm light with a typical 0.07 nm FWHM

bandwidth. This covers a significant fraction of the
estimated 0.15 nm FWHM Doppler profile of the transi-
tion and allows excitation of all of the 2P levels. The
output of the doubling crystal is passed through a prism
toseparate the fundamental from the firstharmonic. The
resulting ultraviolet beam is passed through a second
prism, expanded to an ~ 1 cm diameter, and then passed
in front of the Cu target. Calibration of the laser is
performed to 0.005 nm with a monochromator, cross-
calibrated to the 242.795 nm line of an Au, hollow cath-
ode, discharge lamp.

To excite higher n states from the n=2 population,
we split the pump beam of our excimer laser to pump a
sccond dye laser which was tuned to wavelengths in the
720 to 750 nm region and calibrated to 0.005 nm by
comparison to an Ne discharge lamp. The red laser had
aband width of 0.4 nm and a beam profile of 1 cm?. The
two laser beams covered equal path lengths and merged
to coincidently enter the Ps interaction region.

The laser was timed to the linac positron pulse
witha variabledelay. Timingbetween thelaserlightand
the positrons was monitored by a photomultiplier tube
mounted with botha plastic scintillator and a fiber optic.
We establish timing of the 10 ns laser pulse relative to the
15 ns positron pulse to + 2.5 ns.

RESULTS

Time distributions of annihilation gamma rays
viewed with the collimated detector were separately
collected for positron pulses with the laser on and off.
Thelascr pulsed every eleventh positronburst. A typical
result is shown in figure 4a (see next page) with B=200
Gauss, the ultraviolet light delayed 90 ns after the posi-
tron pulse, and 460 p-joules per laser pulse. The normal-
ized lascr-off data is subtracted from the laser-on data to
obtain the difference distributions shown in figures 4b-
4d. Figure 4b is the difference plot obtained from figure
4a. In figure 4c, the peak in the annihilation rate is seen
during the laser pulse, now delayed by 70 ns. In figure
4d, the laser has been detuned by 1.0 nm, producing a
random distribution.

Mecasurements were made for the n=2 excitation
for several values of laser pulse energy, with B=200G. In
figure 5b we sce the excess counts during the laser pulse
normalized to counts in a time interval including all an-
nihilations except the prompt burst. Data taken with the
laser detuned by 1.0 nm in a 200 G magnetic ficld and
with the laser on resonance in a 50 G magnetic field are
represented by the open triangle and the open circle,
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respectively. Both of these points show no enhanced
annihilation during thelascr pulse, as expected from our
rate calculations.
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Figure 4. a) Typical annihilation time distributions col-
lected by the collimated detector for ultraviolet illumina-
tion with the laser off (solid curve), and laser pulsed at 90
ns (open circles) taken with a 200 G magnetic field. b)
Laser-on minus laser-off difference spectrum obtained
from the data of 4a. ¢) Difference spectrum as in 4b, but
with the laser pulsed 20 ns earlicr. d) Difference spec-
trumasin4c, but with thelaserdetuned 1.0 nmto the red
of the transition.
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Figure 5. a) Results of therate equation model showing
the fraction of illuminated Ps in the n = 2 state. The cal-

culation is performed for a 200 Gauss magnetic field and

laser parameters typical of our measurement. b) Excess
annihilations during laser illumination normalized to

~ the total Ps production for several laser powers. The

solid curve is the calculated excess annihilations. The
open circle is taken with the laser detuned 1.0 nm and B
=200 G. The open triangle is taken with the laser on
resonance and B = 50 G.

We also measured the excess annihilations for
linearly and circularly polarized ultraviolet Tight. In
both cases the direction of photon propagation was
normal to the magnetic ficld. The linear polarization
plane was parallel to the magnetic field. With circularly
polarizedlight, the annihilation rate was found tobe 0.42
+ 0.21 of that observed with the plane polarized light
(~100 ] perlaser pulse) inagreement with the calculated
ratio of 0.36 obtained in the rate equation model for those
polarizations [9].

By comparing the excess annihilation data with
ourrateequation calculation, we seethat we havereached
optical saturation. The resultsof the calculation, normal-
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ized to the data using a Monte Carlo simulation, are
plotted as the solid line in Fig. 5b. The model accurately
describes the laser energy-dependence of the transition
rates. We view the numerical agrecment between the
calculated and measured excess annihilations as fortui-
tous due to the strong sensitivity of the Ps populationin
the laser beam on small variations in experimental para-
meters. The calculated fraction of the Ps in the n=2 state
for illuminated Ps is plotted as a function of laser energy
in figure 5a. This curve shows the characteristic shape of
a saturation spectrum. There is a lincar dependence on
laser power at low energy per pulse, with an asymptotic
approach to the limit of 0.67 at high lascr energy.

Typical data for the excitation of higher n states
are shown in figure 6. The data in figure 6a were taken
with only ultraviolet light illuminating the Ps, lcading to
resonant excitation of n=2 state. The data in figure 6b

—~~

b ed

o

|

c

]

[

o

o

-

e’

2

c

3

o

O

=

s 150} b
|

c 100
[+

@

2 50 }
-

A o
]

d

[

3 -850
Q

(&)

Figure 6. Difference spectra for a) ultraviolet illumina-
tion only and b) resonant two photon excitation to the
n=15 state. Curves are calculated using a rate equation
model with strong mixing in the n=15 state.

were taken with both ultraviolet and red light illuminat-
ing the Ps. This data shows the effects of resonant exci-
tation of both the n=2 and n=15 states. Here we find that
excitation of the n=15 level reduces the ground state Ps
population. This causes a larger deficit in the late time
annihilations. The annihilation rate during the laser
pulse is also reduced, implying that the n=2 state popu-
lation is also depleted by excitation to higher n states.

The decrease in excess annihilations during the
laser pulse when the red laser is on resonance implies a
decrease in the singlet n=2 state population. Ps remain-
ing in long-lived, high n states after the laser turns off is
a source of depletion of the Ps ground state population.
However depletion of the n=2 state population will not
occur unless the total number of de-excitations from the
high n stateisless than the number of excitations. Losses
to photoionization are negligible. We calculate that the
photoionization rate is less than 0.001 of the high n
cxcitation rate at our laser energies. Large differences in
the population of the n=2 and high n states can be
obtained if there are corresponding differences in the
number of sublevels.

We have numerically solved time-dependent rate
cquations describing this experiment for several pos-
sible cases. The dipole selection rule for the n=2 to high
n transition limits the number of high n state sublevels to
too low a value to explain the observed decrease in the
n=2 state population during the laser pulse. Zeeman
mixing will cause the highnsingletand triplet spin states
to be statistically populated for our experimental para-
meters. Our calculations show that de-excitation froma
statistically populated singlet high n state would result
in an increase in annihilations during the laser pulse
rather than the decrease we observe. However, includ-
ing strong Stark mixing can break down the Al=+/-1
dipole selection rule and allow population of all of thel
sublevels of the high n state accessible with Am=0,+/-1.
Such mixing can occur due to static and motionally
induced electric fields of ~40 V/cm found in the cham-
ber.

The computed results of the rate equation model
are shown in figure 6a and b, normalized to the level of
annihilation enhancement seen in figure 6a. The calcu-
lations were performed using measured values for laser
power and pulse characteristics. The curve in Figure 6b
includes transitions from all populated n=2 sublevels, to
all accessible I-sublevels of the n=15 state. These calcu-
lations reproduce the observed change in enhanced
annihilations and even the change enhanced annihila-
tion time profile seen in comparing on and off resonance
spectra. Calculations containing many fewer sublevels
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in n=15 state, which might result from weaker Stark
mixing, cannot reproduce both the change in annihila-
tions during the laser pulse and the decrcase in the
ground state population observed with the red light on
resonance. Thus, we conclude that the high n states are
completely mixed. Our calculated results also show that
a significant fraction, ~0.3, of the n=2 state population is
promoted to higher n states where it remains after the
laser pulse has ended.

Showninfigure 7 are data for wavelengthson and
off resonance between n=13 and n=19. Data were taken
at more closely spaced wavelengths around the n=14
and 15 resonances in order to determine experimental
centroid wavelengths and widths. A ratio, formed from
countsin two time intervals as a function of wavelength,
isshownhere. The first intervalisa narrow time window
including the duration of the laser pulsc and subsequent
radiative decay from the n=2Icvel. The second interval
extends from the end of the first interval until the data
reached background values. The absolute value of the
counts lost during the second interval were decided by
the countsin thefirstinterval to form the ratio. Thus, this
ratiois the decrease in ground state Ps normalized to the
singlet n=2 population and is insensitive to systematic
differences in the geometry and target condition. Posi-
tronium lost to excess annihilations in the n=2 state alone
results in a baseline value of 0.62 . Excitation of Ps into
higher n states gives a larger ratio duc to a larger deple-
tion of the ground state Ps.

Inthedatain figure 7 we see a convincing demon-
stration to resonantly excite high n states from the n=2
population. There is a large increase in the yield at
wavelengths resonant with excitation to then=13, 14 and
151evels. Calculated excitation profiles for the resonant
peaks arc also shownin figure 7. The peak wavelengths
werecalculated from the Balmer formula, and the widths
of the curvesincluded the 0.4 nmlaser line widthand the
0.4 nm Doppler broadening width for these transitions.
The relative areas of the calculated peak shapes were
determined using the rate equation model with the tran-
sition rates scaled by n. The absolute normalization was
sct to the sum of the arcas of the n=14 and 15 data. From
these calculations we sce that values of n greater than 15
are more difficult to excite and are not easily observed
with the statistics now available in the experiment.

Values for the centroids and widths for the n=14
and n=15 peaks were calculated from the data in figure
7 after background subtraction. We obtained values of
744.049 +/- 0.035 nm and 741.993 +/- 0.040 nm for the
n=14 and n=15 centroids, respectively, and 0.37 nmand
0.44 nm for the full widths at half maximum, respec-
tively. The centroid values compare favorably with the
reference values of 743.988 nm and 741.995 nm obtained
by calculating the encrgy difference between the un-
shifted energy of the 2°P, and the energy of the high-n
state. Hyperfine splitting in the high-n state is negligible
in this comparison, but spliting of the 2P levels adds
.02 nm to the width of the excitation-line profile. The
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Figure 7. Ratio of loss in the ground state population normalized to the n=2 population. The solid line is the expected
response calculated from known parameters of the experiment.
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large measured widths for the n=14 and 15 excitationare
consistent with the Doppler spread in the Ps and line
profile of the two laser beams. The good reproduction of
the energies and widths within the experimental errors
demonstrates the potential to perform higher precision
spectroscopy by using narrower laser line widths and
lower velocity Ps.

These results represent a first step towards laser-
cooling Ps. They show that transition rates, photon
bandwidths and excitation of spectator transitions re-
quired to achieve and measure cooling are possible. As
pointed out by Liang and Dermer [6], one must use a
broadband laser to cool Ps since the lifetime is too short
to sweep the laser frequency. The 0.07 nmbandwidth of
our laser is ideally suited to cool the Ps but the pulse
duration is currently too short. The agreement between
calculation and experiment for excitation to the n=2 and
higher n states indicates that sufficient Ps atoms survive
to perform cooling experiments.

The observation of high n state excitations pro-
vides a useful diagnostic for the velocity of cooled Ps,
and abasis for new spectroscopic investigations. Detect-
ing the ionization products of excited Ps resulting from
photon or static electric field ionization can be used to
develop a higher efficiency detector for high n state Ps.
With this detector we use narrow laser lines to tune over
the velocity profile. This same system would form the
bases for spectroscopic studies on the cooled Ps.

In summary, we have demonstrated optical satu-
ration of the resonant transition of Ps from the ground to
the first excited state. We have also observed the first
resonant excitation of high n states of Ps using two
resonantly excited transitions, from1Sto2Pand 2P tonL.
The population of the excited states was deduced from
observation of annihilation rates during and after the
laser pulse. Magnetic mixing in the n=2 state increased
the annihilation rate during the laser pulse, and loss of Ps
in the ground state population reduced the annihilation
rate after the laser pulse. Changes in the enhanced
annihilation rate with laser power, photon polarization
and magnetic field show that the n=2 state was in optical
saturation. Magnetic and electric fields in the chamber
mixed the high n states so that all 1 sublevels were
populated in the high nstate. Values for the line centroid
and widths agreed with calculations. Qualitative repro-
duction of the n? scaling of the relative transition rates
was also observed.
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